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Available online 14 March 2017This paper reports the ﬁrst study on centrifugal spinning of PHBV ﬁbres. Fibres were spun from solution using a
range of polymer concentrations, spin speeds and spinneret to collector distances. A PHBVpolymer concentration
of 25% w/v spun at 9000 r min−1 produced the highest quality ﬁbres, with ﬁbre diameters predominantly in the
0.5–3 μmrange. The rate atwhich ﬁbre could be produced at the 9000 rmin−1 spin speed andwith a spinneret to
collector distance of 39.2 cm was equivalent to 11 km of ﬁbre per minute per needle. Average ﬁbre strengths of
3MPawere achieved, togetherwith averagemoduli of 100MPa, indicating that theﬁbres hadhigher strength but
lower stiffness than electrospun PHBV. The productivity and mechanical properties achieved, together with the
excellent biocompatibility of PHBV,means that these ﬁbres havepotential for application in a range of biomedical
applications.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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Microﬁbre1. Introduction
Submicron ﬁbrous assemblies have gained interest in the ﬁeld of tis-
sue engineering due to their large surface-area to volume ratio, high po-
rosity and a structural similarity to extracellular matrix (ECM) [1,2].
Several ways are known to fabricate porous polymeric ﬁbrous assem-
blies including phase separation, self-assembly and the most popular
method, electrospinning [3]. Electrospinning is compatible with a rela-
tively wide range of materials and produces nano and submicron ﬁbres.
However, in relation to the spinning of biopolymers for tissue scaffold
production, the process has some limitations such as requirement of a
high voltage electric ﬁeld, solution conductivity and a relatively low
productivity, which hinders its use for mass production of ﬁbres [4].
Like electrospinning, the basic principles of centrifugal spinning have
been industrially known for many years, such that the origins of the
technology for processing naturally derived polymers can be traced
back to at least the 1920s [5]. More recently, centrifugal spinning tech-
nology has been directed towards nanoﬁbre web formation in an efﬁ-
cient, scalable, low-cost manner. During this process, inertial forces
generated at high rotational speeds create and elongate a ﬂuid solution
or melt without the need for electrostatic stimulation [6]. In solution
spinning, a high concentration polymeric solution is injected in to an in-
tegrated reservoir and spinneret. At high rotational speeds centrifugal
forces cause a liquid jet to eject from the spinneret. Centrifugal and
aerodynamic forces act to stretch and elongate the jet as the solvent
evaporates, forming a solid ﬁlament or ﬁbre. The ﬁbres are thenystems Engineering, Newcastle
U, UK.
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. This is an open access article undercollected onto static radial collectors or on to a vacuum conveyor [7,8].
Processing parameters such as the polymer concentration, solution vis-
cosity, spinneret to collector distance and the spinneret rotation speed,
inﬂuence ﬁbre production andmorphology [9]. Recently several studies
have demonstrated the fabrication of micro/nano ﬁbres using in-house
centrifugal spinning systems, for example:
• Lu et al. [4] produced poylacrylnitrile ﬁbres and investigated the effect
spinning parameters had on ﬁbre production.
• Ren et al. [3,6] producedmicro andnanoﬁbres frompoly(L-Lactic acid)
(PLLA) and polyvinylpyrrolidone (PVP).
• Wang et al. [10] used a system based on two cotton candymachines to
create PLGA ﬁbres using both melt and solvent assisted spinning, and
Loordhuswamyet al. [9]whoproducedhighly alignedpolycaprolactone
ﬁbres.
The versatility of centrifugal spinning has created opportunities to
produce ﬁbres andwebs of unique construction frombiopolymers of in-
terest in order to mimic the ECM and provide mechanical integrity.
Polyhydroxyalkanoates (PHAs) are a class of thermoplastic polymer
that is biocompatible and biodegradable, synthesised by microorgan-
isms such as bacteria and haloarchaea.When an excess of carbon source
is available PHAs are usually deposited as carbon and energy reserve
materials [11]. One of themost extensively studied PHA's is Poly (3-hy-
droxy butyrate) (PHB), and its copolymer with hydroxyvalerate (HV).
Altering the ratio of PHB to PHV facilitates tailoring of the physical char-
acteristics and processibility of the polymer [12] and incorporation of
HV leads to an increase in chain ﬂexibility and processibility [12]. Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) degrades in vivo to
produce D-L-β-hydroxybutyrate, a normal constituent of human bloodthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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biocompatibility, and degradation times, PHBV has been evaluated for
use in various tissue engineering applications such as bone, cartilage,
skin and nerve [14]. However, the adoption of centrifugal spinning as
a method for producing PHBV ﬁbres has not previously been
investigated.
The objective of this study was to develop PHBV ﬁbre webs via cen-
trifugal spinning and to investigate the inﬂuence of processing parame-
ters on ﬁbre characteristics, including mechanical properties. The
rotation speed, nozzle collector distance, polymer solution concentra-
tion and their effects on ﬁbre morphology, mechanical properties and
uniaxial thermal properties have been evaluated in order to establish
processing conditions for reliable ﬁbre production.
2. Materials and methods
Solutions of PHBV (12% Valerate, Sigma Aldrich UK) in chloroform
(99.8% reagent grade, Sigma Aldrich UK), of concentrations 10, 15, 20
and 25% w/v, were prepared by dissolving PHBV pellets in chloroform
in ambient conditions. The solutions were stirred for at least 12 h
prior to use.
2.1. Rheological properties of the solutions
Changes in solution viscosity with increasing PHBV concentration
were measured using a Brookﬁeld DV-E dynamic rotational viscometer.
A metallic cylinder was ﬁlled with 9.1 ml of polymeric solution. A spin-
dle of type ‘31’, supplied by Brookﬁeld, was suspended in the solution
and rotated at a given speed. The measured torque exerted on the spin-
dle was converted in to shear stress which in turn was converted in to a
viscosity value using a given spindle factor.
2.2. Centrifugal spinning parameters
A FibeRio (USA) 1000 M Forcespinning™ centrifugal spinning ma-
chinewas used to produce the samples. A schematic of themachine lay-
out is shown in Fig. 1. For each spin cycle, 1.6ml of solutionwas injected
in to a hollow ﬂuid reservoir, which was tipped with two hypodermic
needles (30 gaugewith a shaft length of 12.5mm). The collectorwas lo-
cated radially to the spinneret and comprised a series of metallic bars at
set distances of 29.6 cm (identiﬁed as ID) and 39.2 cm(identiﬁed asOD)
from the spinneret. Cardboard rectangular frames of dimensions
180 mm and 85 mmwere afﬁxed to the bars to facilitate the collection
of ﬂat areas of ﬁbrous web.
The solutions were processed at rotation speeds of 3000, 6000 and
9000 r min−1. For each spinning condition, two spins for 2 min, using
3.6 ml of solution per spin, were used to produce sufﬁcient web mass
for subsequent testing and evaluation.Fig. 1. Schematic representation of the FibeRio Forcespinning system: polymer solutions
(15–25%) were fed into the rotating chamber in the middle of the system; rotation
caused ejection of a jet of polymer solution from the two oriﬁces (0.31 mm), with the
ﬁbres subsequently collected between the metal rods placed on the base.2.3. Assessment of ﬁbre morphology and diameter using scanning electron
microscopy (SEM)
Specimens were coated with gold (15 nm) using a Polaron SEM
Coating Unit and observed using SEM (TESCAN VEGA LMU, Newcastle
University). The diameters of ﬁbres (n= 20) were measured from rep-
resentative SEM images at 1500×magniﬁcation using ImageJ software.
The procedure was repeated for n = 5 different images for each spin-
ning condition.
2.4. Thermal analysis
Differential scanning calorimetry (DSC) was used to investigate
changes in the ﬁne structure for selected PHBV webs with comparisons
to the unprocessed pellet. Web and pellet samples (4–8 mg, aluminum
pans) were analysed using a Perkin-Elmer JADE DSC. A heating scan
from 0 to 240 °C was conducted at a rate of 20 °C min−1 under a nitro-
gen atmosphere.
2.5. Mechanical properties
Tensile tests were conducted using a Zwick Reoll Z010 (25 mm
gauge length; crosshead speed 1.67 mm s−1; 10 N load cell). Laser-cut
cardboard C-frames of size 30 × 30 mm and frame thickness 5 mm
were used as mounts for performing tensile measurements. Testing
was performed in the machine direction of the webs, with the ﬁbre
webs oriented such that the circumferential ﬁbre collection direction
was the direction of loading. The webs were conditioned in an atmo-
sphere of 20 ± 2 °C and 60 ± 5% RH. Sections of ﬁbre web were cut
and mounted on the C-frames using adhesive and clamped within the
jaws of the tensile testing machine. The cardboard mount was then
cut and the sample tested to failure. The weight of the ﬁbre web was
used to calculate an effective cross sectional area, which in turn was
used to calculate stress and modulus.
3. Results
3.1. Viscosity of PHBV solutions
Fig. 2 shows that the viscosity of the PHBV solutions increased with
increasing PHBV concentration. The viscosity increased from 35.0 cP at
10% to 386.2 cP at 25% PHBV concentration. As indicated in Fig. 2 mea-
surements were a close ﬁt (R2 = 0.9968) to an exponential curve,
exhibiting the expected behaviour for a polymeric solution across a
broad concentration range. The viscosity varied by an order ofFig. 2. Rotational viscosity measurements for PHBV solutions with exponential trendline.
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gal spinner.
3.2. Fibre morphology and diameter
Fig. 3 shows ﬁbre morphologies across the range of processing con-
ditions, with Fig. 4 showing the variation in ﬁbre diameter as deter-
mined from image analysis. In Fig. 3 it is evident that ﬁbres producedFig. 3. SEM images showing variations in ﬁbre morphology: A) collection distance ID 29.6
combinations of spinneret rotation speed (3000, 6000 and 9000 rev min−1) and polymer solufrom the 15% w/v solution exhibited beading, shot formation and bead
on string formation which was evident across the range of spinneret
speeds and collection distances used, whereas the 20 and 25%w/v solu-
tions produced uniform ﬁbres free of beading.When a PHBV concentra-
tion of 10% w/v was spun, ﬁbres were not continuous, were of poor
quality and could not be collected.
Fig. 4 shows that the ﬁbre diameters were predominantly in the 0.5
to 3 μm range, with mean ﬁbre diameters between 0.7 and 2.3 μm. Nocm and B) collection distance OD. 37.5 cm, collected ﬁbre webs produced at different
tion concentration (15, 20 and 25 w/v). Scale bars represents 5 μm.
Fig. 4.Box plot of ﬁbre diameters: left to right, 25, 20, 15%w/v; top ID29.6 cmandbottomOD. 37.5 cm. Error bars represent the 95th and5th quartiles, centre line is themedian, dashed line
is the mean.
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of changes in spinneret rotation speed, PHBV concentration or differ-
ences in the spinneret to collector distance. The best combination of
productivity and ﬁbre quality was considered to be achieved from pro-
cessing 20 and 25% w/v solutions at 9000 r min−1.3.3. Thermal analysis
DSC traces for selected PHBV ﬁbres formed using the centrifugal
spinning process are shown together with the DSC trace for unpro-
cessed PHBV in Fig. 5. All the DSC traces revealed a primary melting
point centred at 151.1 °C with a secondary peak between 133 °C and
140 °C. Double peaks of this form are normally indicative of multiple
crystal forms within a material. For the PHBV pellet this secondary
peak is signiﬁcant in size and reaches a maxima at 139.1 °C. For the ﬁ-
bres, the size of this secondary peak is substantially reducedwhen com-
pared to the pellet, and the peak apex shifts to around 133.7 °C. This
shift was consistent for all of the ﬁbres. Additionally, there was a reduc-
tion in enthalpy (ΔHm) from 78.5 J g−1 for the pellet, to values in the
range 47–57 J g−1 for the as-spun ﬁbres.Fig. 5. DSC traces for PHBV pellet and PHBV ﬁbres produced at a spinneret to collector
distance of 29.6 cm and a rotation speed of 6000 r min−1 for PHBV polymer
concentrations of 15, 20 and 25% w/v.3.4. Mechanical properties.
Fibres produced using 15% w/v PHBV solutions were too brittle to
test, as were those spun from 20% w/v PHBV and collected at the OD.
For ﬁbres which were robust enough to test representative tensile
curves and shown in Fig. 6, with the mean values for tensile strength,
modulus and elongation at break given in Fig. 7.
The mechanical properties of the webs varied across tests, but ﬁbre
webs spun at 9000 r min−1 were generally stronger and stiffer than
those spun at the lower speeds, with ﬁbres spun at 3000 rmin−1 gener-
ally more ductile than those spun at higher speeds. Fibres spun at 3000
and 6000 r min−1 showed an increase in average strength and average
modulus with increased spinneret to collector distance.4. Discussion
4.1. Processability, morphology and productivity
Viscosities of between 100 and 300mPa·swere found to be process-
able to create relatively uniform and coherent ﬁbres across the range of
spinneret rotation speeds and collection distances used in this work. At
the highest rotation speed, collecting at the OD, the processing
Fig. 6. Tensile curves for PHBV webs formed from 25% PHBV solutions.
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needle.
Analysis of the SEM images and ﬁbre diameter measurements show
that successful ﬁbre production and resulting morphology varies with
the starting PHBV polymer viscosity, a dependency well documented
in the literature [15,16]. Previous work has linked increases in polymer
solution concentration to the successful formation of continous ﬁbres
with less beading [3], and has suggested that the increase in polymer
loading is required in order to provide a sufﬁcient density of polymer
chain entanglements for a ﬁbre to form, which would explain why the
results at 20% and 25% w/v PHBV produced the best ﬁbres. The beads-
on-string morphology observed in Fig. 2 is well known within the
electrospinning and centrifugal spinning literature [13,14] and is caused
by Rayleigh instabilities resulting from an imbalance in viscosity and
surface tension.
Fibre morphology is inﬂuenced by the evaporation rate of the sol-
vent during spinning, which in-turn is linked to the distance be-
tween the spinneret tip and the collector during ﬁbre formation.
The closer the collection radius is, the shorter the stream time of
the polymer liquid jet and the less time is available for adequate sol-
vent evaporation. These results suggest that a collection radius of
29.6 cm allows evaporation of the solvent to occur, as no substantial
decrease in mean ﬁbre diameter was observed on increasing the col-
lection radius.
The variability in ﬁbre diameter may be related to variations in the
volume of material during the force spinning process. Variations in the
ﬂuid ﬁll level due to the continuous material feeding changes the pres-
sure within the container, which is linked to the mass of ﬂuid present
[17]. In this work, 3.6 ml of solution was initially inserted into theFig. 7. Variations in the mean A. tensile strength, B. strain at break, and C. elastic modulus with
deviation.spinneret, but clearly in the absence of a continuous replenishing feed,
the mass of ﬂuid gradually reduces as the spinning process progresses.
4.2. Thermal analysis
PHBV is novel among random copolymers as the hydroxy-valerate
units can be accommodated within the hydroxy-butyrate crystal struc-
ture if the ratio of hydroxyl valerate is lower than 50 mol%. The PHBV
grade used here contains 12% wt/wt valerate units and so it is expected
that the HV elements are incorporated in to the HB crystal structure
[18]. PHBV is known to form two crystal conformations: the α ortho-
rhombic cell and the β planar zigzag [19]. The double peak observed
in the DSC scans is likely indicative of suchα and β crystal formswithin
the PHBV material [20].
The processing of PHBV into ﬁbres shifts the position andmagnitude
of the secondary peak, linked to the β zigzag structure. A decrease in
overall enthalpy and a decrease in secondary peak intensity have also
been observed in electrospinning 12% valerate PHBV [21]. The high
shear forces and rapid solidiﬁcation induced during spinning are likely
to disrupt the packing and crystallisation behaviour of the crystals, re-
ducing the overall crystallinity alongwith favouringα crystal formation
[22]. This means that the β crystals are less numerous and smaller
which can be seen in the apex of the secondary peak decreasing from
139 °C to 134 °C with spinning.
4.3. Mechanical properties
The ﬁbrouswebs produced from the 20%w/v and 25%w/v PHBV so-
lutions were suitable for mechanical testing because of their ease ofspinneret rotation speed and spinneret to collector distance. Error bars indicate standard
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considered to be related to the generation of polymer chain entangle-
ments during in-ﬂight ﬁbre formation.
The changes in tensile strength, strain at break, and modulus ob-
served for different processing conditions are considered to be related
to the degree of ﬁbre orientation andﬁbre entanglement present within
the webs, behaviour which is commonly observed for nonwovens [23].
The results in Figs. 6 and 7 suggest that increasing the rotational speed
to 9000 r min−1 imparted a notably higher average stiffness and aver-
age tensile strength to the ﬁbrous mats, and a lower average strain at
break. Thewebswere tested only in themachine directionwhich is par-
allel with the direction of rotation. An increase in processing speed is
considered to increase the ﬁbre orientation in radially collected webs.
At lower rotational speeds the ﬁbres are deposited with less orientation
in the direction of rotation and when subsequently tested the ﬁbres
within the webs can displace and rotate to align themselves with the
load before failing. Alongside ﬁbre alignment an increase in polymer
orientation within the ﬁbres could make a secondary contribution to
the changes in mechanical properties. At higher rotational speeds
there is signiﬁcantly more drawing force on ﬁlaments as they form
into ﬁbres which will act to align the chains along the ﬁbre axis. When
loaded these ﬁbres will be less extensible as the chains are already
aligned in the direction of tension, increasing ﬁbre strength and stiff-
ness, which translates to improved properties of theweb. The variability
in the data is considered to be partly a result of the stochastic nature of
testing nonwoven webs.
It is instructive to compare the tensile strength values of the as-spun
PHBV ﬁbres produced in the present study with those previously pro-
duced by electrospinning. For electrospun PHBV ﬁbres Kuppan et al.
[18] reported average tensile strengths of 1.4MPa, and an averagemod-
ulus of 1028MPa, whilst Suwontang et al. [11] indicated average tensile
strengths of 1.76MPa, and averagemodulus of 125.7MPa. Themechan-
ical properties of ﬁbre webs produced in this work by centrifugal spin-
ning at 9000 r min−1 were strengths of 3 MPa on average, together
with an average modulus of 100 MPa, indicating that the mechanical
properties of the ﬁbre webs produced by centrifugal spinning are of
the same order as those previously reported for electrospun PHBV,
with greater tensile strength but lower stiffness.
5. Conclusions
A Fiberio™ centrifugal spinning system was used to produce Ultra-
ﬁne ﬁbrous mats of PHBV quickly and efﬁciently, with an effective pro-
duction rate of 11 km of ﬁbre per minute per needle at the highest spin
speed. The morphology of the ﬁbres produced was dependent on solu-
tion concentration and viscosity, and the rotational speed of the spin-
neret. Defect-free ﬁbres were produced from polymer solutions at 20
and 25% w/v, with the best mechanical properties achieved through
spinning the 25% w/v solution at 9000 rpm.
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